INTRODUCTION
A rainfall simulator is a useful device designed to investigate the interaction processes between rainfall and the land surface; i.e. soil erosion, soil crusting, canopy interception, infiltration, runoff, etc. According to Hall (1970a) , rainfall simulators can be categorized into three types: dripper, nozzle and sprinkler. The major purpose of rainfall simulators is to produce rainfall similar to natural rainfall at certain rainfall intensity levels. Hall (1970a) defines this similarity in three properties: rainfall rate, drop-size distribution (DSD), and drop terminal velocity. However, it is difficult to fulfil this purpose at all rainfall intensity levels due to the technical limitations of rainfall simulators. Moreover, natural rainfall itself has different characteristics in different geographical locations (Van Dijk et al., 2002) .
Rainfall DSD controls various rainfall characteristics including the magnitude of rainfall erosivity (Abd Elbasit et al., 2010) . Under simulated rainfall conditions, the distance required for drops to reach their terminal velocity represents another factor controlling the erosivity of the simulated rainfall. Rainfall erosivity is defined as the ability of rainfall to cause soil erosion (Mihara, 1951) . Several indices have been suggested for use to quantify rainfall erosivity, including kinetic energy (KE) and momentum (M), and have been used in various studies (Al-Durrah & Bradford, 1982; Riezebos & Epema, 1985; Salles & Poesen, 2000; Mouzai & Bouhadef, 2003; Kinnell, 2005; Abd Elbasit et al., 2010) . However, KE is widely used as an indicator of rain erosivity (Salles et al., 2002) .
Rainfall kinetic energy can be mathematically defined as half of the product of the drop's mass and velocity squared. Various methods have been used to measure rainfall KE. These methods are divided into two categories: direct and indirect. Kinetic energy can be measured directly using force transducers where the measured water drop KE is correlated with the output from the transducer due to the drop impact (Madden et al., 1998; Jayawardena & Rezaur, 2000) . Another direct method is the optical method, where drop size and velocity can be measured simultaneously and the KE is calculated from these two measured parameters (Salles & Poesen, 2000; Nanko et al., 2004) . The direct methods are relatively sophisticated and accurate but expensive. Rainfall KE can be estimated indirectly by measuring the DSD by different means including the filter paper (Hall, 1970b) and flour-pellet (Laws & Parsons, 1943) methods, and using drop velocity values derived from empirical relationships of drop fall velocity in still air conditions to calculate KE (Mouzai & Bouhadef, 2003) . Under simulated rainfall conditions, using such indirect methods generates errors, especially under conditions of short fall height.
In this study, the potential use of a piezoelectric transducer modified from a commercially-available rainfall sensor to measure and evaluate the kinetic energy of rainfall generated by a dripper-type rainfall simulator was investigated. The direct measurement of kinetic energy using the piezoelectric transducer was compared to estimated kinetic energy, which was calculated from the drop-size distribution (DSD) and empirical terminal velocity relationships.
MATERIALS AND METHODS

Rainfall simulator
A dripper-type rainfall simulator located at the Arid Land Research Center, Tottori University, Japan, was used to simulate rainfall with different rainfall intensities (Fig. 1) . The rainfall simulator was 12 m in height, which is theoretically sufficient for large drops (>3 mm) to reach their terminal velocity according to Wang & Pruppacher's (1977) experimental results. The rainfall simulator consisted of four parts: (1) a metal support, (2) the drop generation system, (3) tanks and a positive displacement pump, and (4) a computer system (Abd Elbasit et al., 2010) . The metal support has four steel rods of height 12.5 m, fixed on the ground and used to hold the drop generation system on top (Fig. 1) . The drop generation system consisted of flat-cut hypodermic needles and an oscillating screen. The positive displacement pump was used to control the desired flow rate. The simulator was equipped with various solenoid valves and both the pump rotational speed and the valves were controlled by the computer system. The experimental area under the rainfall simulator was 2.1 m Â 1.1 m in size and equipped with an adjustable-angle steel table, and the area was protected from air currents. The rainfall simulator was calibrated at various rainfall intensities, including the pump flow rate and rainfall intensity, and the rainfall depth spatial distribution (Abd Elbasit et al., 2008) . This simulator has been described in detail by Abd Elbasit et al. (2010) . It is able to simulate rainfall intensities ranged between 1.0 and 200 mm h -1 . However, the simulator has a 30 mm h -1 rainfall intensity limit in order to achieve a rainfall intensity-kinetic energy (I-KE) relationship similar to that observed under natural rainfall conditions (Abd Elbasit et al., 2010) .
Rainfall characteristics and piezoelectric sensor
The rainfall DSD (mm) and KE (J) were measured under nine rainfall intensity levels ranging from 1.2 to 27.6 mm h -1 using two piezoelectric transducer sensors. This method depends on the ability of a crystal plate to produce electric charge when it receives force. The two sensors were modified from the Vaisala RAINCAP ® rainfall sensor (Fig. 2) .
The sensors' measurements were based on the acoustic detection of the impact of individual raindrops (Salmi & Ikonen, 2005) . The signals from the impact were proportional to the raindrops' mass and impact force. The sensors were constructed from a piezoelectric detector (crystalline quartz) covered by a stainless steel shell used to protect the sensing element. The area of the sensing surface was 60 cm 2 ( Fig. 2) . A noise filtering technique was adopted to eliminate signals from sources other than the initial raindrop impact. Different electronics systems were used to filter, amplify, digitize and analyse the signals produced by the sensing elements prior to the signals' logging (Fig. 2) .
The sensors were calibrated by using controlled drop sizes falling from 14 m height and the velocity of each drop size was measured using an optical method. Briefly, the optical method is comprised of two parallel laser beams and a prism. The received optical signal was converted to a voltage signal, which was proportional to the area and time of the laser beam intercepted by the raindrops, to measure the drop velocity (Salmi & Elomaa, 2007) . The DSD sensor was also compared with the Joss-Waldvogel RD-69 disdrometer under natural rainfall conditions in Finland, and showed significant agreement for raindrop sizes greater than 0.80 mm (Pohjola et al., 2008) . The major difference between the RD-69 and the DSD piezoelectric sensor is that the RD-69 is based on an electromechanical measuring approach (i.e. displacement of sensing body in a magnetic field due to drop impact) to measure the drop size (Joss & Waldvogel, 1977) . The KE sensor was also validated under simulated rainfall and the sensor output was compared with the KE calculated using rainfall DSD and empirically estimated velocity, which gave statistically significant correlation under different rainfall intensities (Abd Elbasit et al., 2007) .
The sensors' software divided the raindrop sizes into eight classes normalized to the mean drop size; they ranged from 1.0 to 5.0 mm drop diameter (Abd Elbasit et al., 2010) . Depending on the sensor configurations, each drop-size class determined the number of drops or the kinetic energy received within the range of the eight drop-size classes.
The signals from the two sensors were logged in two notebook computers every 10 seconds, using the RS-232 serial interface and data-logging software, for a duration of 10 minutes for each rainfall intensity level. The rainfall intensity was measured using a tipping-bucket raingauge (Davis rain collector II, CA, USA) with 0.2 mm resolution. The raingauge was attached to an event data logger (HOBO Event; Onset Computer Corp., MA, USA) with 0.5 s time recording accuracy. The output from the two sensors was then used to characterize and evaluate the simulated rainfall erosivity parameters.
Rainfall kinetic energy indices
The rainfall kinetic energy was expressed in two ways: kinetic energy rate where energy is a function of time (KE t , J m -2 h ) ; n is the number of classes (eight drop size classes); and KE i is the kinetic energy measured for class i ¼ 1, ..., 8 (mJ).
The KE c was determined from the KE t and rainfall intensity using the following equation (Salles et al., 2002) :
where KE c is kinetic energy content (J m -2 mm -1 ); I is rainfall intensity (mm h -1 ); and c is a conversion factor equal to 1.
The KE t was also estimated from the DSD information using (Salles et al., 2002) : ). The drop fall velocity was estimated using two empirical equations. The first equation was derived from Gunn & Kinzer's (1949) experimental data as shown in Fig. 3 and equation (4) .
where D is the drop sphere equivalent diameter (mm). The second equation used for drop fall velocity estimation was the Atlas & Ulbrich (1977) equation (Fig. 3) : ) for 10 min at 10-s intervals under four representative rainfall intensity levels. The kinetic energy was observed directly using the piezoelectric sensors under nine rainfall intensity levels. Rainfall kinetic energy is the cumulative energy of single drops, which can be recognized clearly at the 1.2 mm h -1 rainfall intensity level in Fig. 4(a) . The KE sensor output shows single spikes for the raindrop impact at every 10 s. However, when the rainfall intensity increased, the variability in the rainfall energy rate decreased (Fig. 4) . The coefficient of variation (CV) was calculated as the ratio of the KE t standard deviation to the KE t mean for 1.2, 6.0, 24.0 and 27.6 mm h -1 , and the CV values obtained were 96. 39, 66.23, 53.54, and 54 .95 %, respectively. Under high rainfall intensity, the KE t variability was controlled by a factor other than single drop impact, i.e. the content of the raindrops' energy per time interval. In this regard, these findings confirm that rainfall erosivity is controlled by a non-continuous process (discrete process) consisting of individual raindrops with different sizes and fall speed (Uijlenhoet & Stricker, 1999) . The increase in KE t with rainfall intensity levels was found to coincide with an increase in the rainfall KE t average and range (Fig. 4) . The range and average of KE t was found to increase linearly with rainfall intensity. Knowledge of the variation in KE in space and time is essential for better erosion prediction (Van Dijk et al., 2002) . Recent work has proved that the intra-event variation in rainfall simulation significantly affects the resultant sediment output under a nozzle-type rainfall simulator (Armstrong & Quinton, 2009 ).
The direct rainfall KE t from the KE sensor was compared with kinetic energy estimated from DSD information and the empirical velocity values of raindrops falling in still air (Fig. 5) . The DSD was measured using the DSD sensor. Figure 5 (a) and (b) shows the average KE t compared with KE calculated using equation (4) (KE t(a) ) and KE calculated using the Atlas & Ulbrich (1977) equation (KE t(b) ), respectively. The correlation coefficient between the KE t and the KE t(a) , and KE t(b) was 0.97 (P < 0.0001). This result confirms the ability of the piezoelectric transducer sensor to directly measure rainfall energy under a multi-drop rainfall simulator. Also, there was no statistical difference between the KE calculated using the two empirical equations, which emphasizes that the simulated raindrops reached their approximate terminal velocity under this height and rainfall intensity range.
Simulated rainfall characterization
The advantage of a dripper-type rainfall simulator is that it can produce rainfall with a wide drop size spectrum, similar to that found in natural rainfall. The relationship between the simulated rainfall median volumetric drop diameter (D 50 ) and intensity is shown in Fig. 6 . This relationship was also compared with data obtained under natural rainfall by Laws & Parsons (1943) , Zanchi & Torri (1980) and Van Dijk et al. (2002) . The simulated rainfall had a D 50 greater than the results published for natural rainfall (Fig. 6) . A power law dependence between rainfall intensity and D 50 has been reported by various researchers (e.g. Laws & Parsons, 1943; Uijlenhoet & Stricker, 1999; Van Dijk et al., 2002) . The relationship between Relationship between direct measured and estimated rainfall kinetic energy using empirically estimated raindrop fall velocity: (a) fall velocity calculated using equation (4), and (b) fall velocity calculated using equation (5).
the simulated rainfall intensity and D 50 can be described as a power relationship, as shown by:
where D 50 is the median volumetric drop diameter (mm); α and β are empirical parameters; and I is rainfall intensity (mm h -1
). Van Dijk et al. (2002) reported that the empirical α and β parameters range from 0.8 to 1.23, and from 0.12 to 0.29, respectively. The simulated rainfall was found to follow this power relationship (equation (6)) and the R 2 value was 0.74 (P ¼ 0.003), where α and β equal 1.23 and 0.35, respectively. Under natural rainfall, the relationship between D 50 and rainfall intensity takes different patterns depending on the geographical location. Several researchers (Hudson, 1963; Carter et al., 1974; Van Dijk et al., 2002) have reported that D 50 increases with increase of rainfall intensity until a certain rainfall intensity (threshold) and then stabilizes or decreases.
Rainfall energy evaluation
The relationship between the KE c (J m -2 mm -1
) and rainfall intensity was found to be similar to the trend of natural rainfall (Fig. 7) , and was compared with relationships obtained for natural rainfall in different geographical locations (Wischmeier & Smith, 1958; Onaga et al., 1988; Van Dijk et al., 2002) , as shown in Fig. 7 . The KE c was higher than natural rainfall under all rainfall intensities. This difference can be attributed to the increase in the number of large drops with the rainfall intensity. The previous D 50 results (Fig. 6 ) can also be used as an indicator of the increase of drop-size with the increase of the rainfall intensity under this range of rainfall intensity.
The drop volume (%) was compared to the KE (%) as a function of the drop-size distribution and showed good agreement; in Fig. 8 the results are shown for four rainfall intensity levels. The drop volume magnitude increases with the cubic drop diameter (equation (3)). The increase in drop volume has a subsequent increase in the drop impact energy. These results emphasize the effect of rainfall microstructure on determination of the rainfall energy content of a given event.
CONCLUSIONS
The drop-size distribution and kinetic energy of simulated rainfall produced by a dripper-type rainfall simulator were measured using piezoelectric transducers. The simulated rainfall volumetric median drop diameter was greater than reported for natural rainfall at similar intensities. This result affected the KE relationship to rainfall intensity for simulated rainfall, which showed high KE relative to natural rainfall of similar intensities. The KE showed significant association with the rainfall DSD. The directly measured KE was significantly correlated with the estimated KE using the DSD and empirical raindrop fall velocity relationships. This result emphasizes the potential use of the piezoelectric sensor to directly measure and evaluate rainfall kinetic energy as a major index of rainfall erosivity. The advantage of the piezoelectric transducer is that it can measure the rainfall kinetic energy directly from the transducer response to the drop impact. Also, this can be achieved without prior assumptions regarding raindrop velocity and shape, which affect the measurement accuracy, particularly under simulated rainfall conditions where the raindrops may not reach their terminal velocity. 
